ABSTRACT Nitrate uptake and growth rates of the red-tide dinoflagellate Prorocentrum minimum were measured in a chemostat culture system in which nitrate was added in the same total amounts every 1, 2 or 3 d In comparison with continuous nitrate supply, the rate of cell division was not affected by the 1 or 2 d pulse treatments, whereas it fell drastically when a nitrogen source was added only every 3 d. Delayed steady uptake rates were reached during the 1 or 2 d pulse phases, which reflected a mid-term adaptation of the cell uptake process under discontinuous nutrient supply. This adaptation permitted P. minimun~ to maintain a steady growth rate under these regimes. During the 3 d pulse treatment, the maximal uptake rate measured during each pulse experiment increased considerably. which reflected a long-term adaptation, but was not sufficient to maintain the initlal growth rate. For low frequencies of nitrate supply, uptake and growth rate became largely uncoupled. It is concluded that P. minimum is a species able to form a large internal pool of nitrogen which constitutes a competitive advantage. This is discussed in the light of in situ observations.
I N T R O D U C T I O N
The realization that the surface mixed layer is not a constant environment, and the verification that the physiological processes of phytoplankton are adapted to a fluctuating environment (Harris 1986 ), has resulted in major studies of nutrient uptake and growth rates under unsteady conditions during the last decade.
When the growth processes are far from stationary, classical models such as those of Monod (1942) or Droop (1968) present relationships which are not adequate to represent correctly the details of growth and nutrient removal. Numerous cases of uptake curves that do not fit these models can be found in the literature (Cunningham & Maas 1978 , Goldman & McCarthy 1978 , Burmaster 1979 , DeManche et al. 1979 , Murphy 1980 , McCarthy 1981 , Cunningham 1984 . These discrepancies were originally demonstrated by submitting nutrient-limited cells to a single pulse of the limiting nutrient (Conway et al. 1976 ). The single pulse addition represents an extreme case in variation of a limiting resource since the rate of its increase is infinite. Even if such impulses are unlikely in the sea given the spatial Q Inter-Research/Printed In Germany diffusion which smooths steep variations, such experiments are useful in revealing the diversity of possible adaptations in different phytoplankton species. Under non-steady state conditions, uptake and storage of the major nutrients become highly complex, due to the integrative nature of cellular physiology and the priority given to synthesis of cellular constituents (Harris 1986 ). The diversity in the type of adaptation observed -for example surge or enhanced uptake, and latency times -reflects the complexity of the adaptative processes which can differ from one species to another (Collos 1986) .
The study of these adaptative processes in the marine environment is arduous, not only because these processes are non-linear and thus difficult to analyse, but also because the patterns of Lagrangian variations in the limiting nutrients in situ are complex and poorly known (McCarthy & Altabet 1984 , Marra et al. 1990 . Some mathematical models predict specific frequencies of nutrient fluctuations such a s nitrate pulses through the nitracline (Woods & Wiley 1972 , Klein & Coste 1984 . Despite the fact that more complex patterns of variation probably exist, given the simultaneity a n d diversity of physical processes which maintain the Seliger 1978 Seliger , 1981 . Ecological implications of our dynamic instabilities of the environment (Denman & results on the red tides caused by this species are Gargett 1983), w e can use periodicity of variation to discussed. characterize the dynamic variability of events in the sea (Harris 1984) .
Since the availability of nutrients to phytoplankton is MATERIAL AND METHODS highly variable, it is logical to measure uptake and growth of phytoplanktonic cells submitted to nutrient
The strain of Prorocentrum minimum was obtained pulses at different intervals and concentrations. Results from the culture collection UTEX at the University of of Suttle et al. (1987) , Olsen et al. (1989) , Sommer
Texas at Austin, USA, and grown to steady state in a (1985) and others illustrate that it is no longer possible 3.3 1 NO3-limited continuous culture at a dilution rate to explore the question of competition between species of 0.16 d-'. The temperature was maintained at without considering the time variation patterns of limit-18 k 0.1 'C and the culture was continuously illumiing nutrients. Quarmby et al. (1982) have shown that nated at 200 pEin m-' S-' with a halogen lamp (quartz periodical additions of nitrate to cultured diatoms may iodine, HQ1 300 W). Mixing was effected by bubbling alter their grotvth kinetics when compared with a conair filtered through a 0.22 lim autoclaved filter, and by tinuous nitrate supply. Unfortunately, these studies stirring at 100 rpm. Inflowing medium during continuhave generally been performed with a constant freous nitrate supply was natural seawater from 500 m quency of variation of the limiting nutrient and condepth, previously exposed to continuous illumination sequently cannot illustrate the diversity of possible cell for 1 wk to exhaust residual inorganic nitrogen. It was behaviour at different frequencies of variation.
then filtered through a 0.22 pm filter, autoclaved at Moreover, phytoplankton species are usually pre-105 "C and enriched with phosphate, trace metals, and conditioned before nutrient addition in experimental vitamins to a concentration of f/2 (Guillard & Ryther studies in a continuous culture system, so that internal 1962), and nitrate as NaN03 to a concentration of nutrient pools are stabilized at a level adapted to the 42 f 1 pg-at. I-'. New inflowing media were prepared flow rate. The nutrient pulses are then performed on every 20 d to prevent possible degradation. Although cells which are assumed to be in a stationary state, the culture system was initiated under axenic condiwhich is an improbable situation in the sea. By submittions, i.t is possible that axenicity was not maintained ting phytoplankton cultures to pulses at different Ereduring the overall experiment duration, because of the quencies, it is possible to analyse the uptake and multiple probes connected to the reactor vessel. The growth processes of cells which are more or less far presence or absence of bacteria was not confirmed. The from the steady state. It is clear that the time lapse fact that the cell population returned to its initial between 2 pulses and thelr amplitudes are crucial parasteady-state concentration at the end of the experiment meters since the lapse influences the physiological suggests firstly that bacterial activity, if it existed, had state of cells before each pulse (Collos 1980) . no noticeable effects on the nitrogen balance in the Such an approach is tedious because a great amount chemostat, and secondly that the P. minimum cells of data is necessary to analyse the non-linearity of the were not affected by the 70 d duration experiment. observed kinetics (Goldman e t al. 1981 , Collos 1983 During pulsed phases (except during the first nitrate Harrison et al. 1989) . Mathematical formalizations such pulse addition) which were begun once steady state as the model of Turpin et al. (1981) have previously was obtained, dilution was maintained with the same attempted to d.evelop theoretical frameworks to inflow medium, but without nitrate. Pulsed nitrate was explore the effects of limiting intermittent nutrient supadded separately with a peristaltic pump where the ply on phytoplankton growth. However, given the comculture received the same amount of nitrogen per 24 h plexity of energy input and utilization by the cells as in the continuous regime. induced by nutrient fluctuations (Dortch 1982) , such Culture samples were collected daily or twice a day models are probably poorly predictive, especially if for cell counts. Cells were immediately fixed in they represent growth and uptake rates with steadyglutaraldehyde and counted with a Lemaur hemacytostate relationships. I present in this paper the results of meter. Inorganic nitrogen concentration was monitored an experimental study whose goal was to follow the with an Autoanalyser Technicon 11. The culture was uptake and growth, processes of the dinoflagellate pumped directly into the reactor vessel with a sampling Prorocentrum min.imum (Dinophyceae) submitted to needle surrounded with a 8 pm mesh net to prevent nitrate pulses added at various frequencies and cells from entering the Autoanalyser system. Inorganic amplitudes. P. minimum is a species whose distribution nitrogen was measured (Treguer & Le Corre 1975) with and growth dynamics have been extensively studied in a precision of 3 %, without distinction between nitrate relation to physical factors in the environment (Tyler & and nitrite. Ammonium was monitored weekly, but was never detected. Inorganic nitrogen, pH and temperature acquisitions, and pulsed or continuous regimes were monitored with an automatic system including an Apple 11, electronic interfaces for data acquisition, valves, peristaltic pumps and software developed at the Marine Station at Villefranche-sur-Mer (Malara & Sciandra unpubl.). Dilution rate was maintained constant during the overall time experiment so the instantaneous rate of variation of the limiting nutrient in the chemostat can Growth rate was estimated from the slope of a conbe written as:
tinuous polynomial function fitted to the cell counts d x which represents their mean concentration with time:
where X (pg-at. N 1-l) and y (cell I-') = respectively the concentration of inorganic nitrogen and cells in the chemostat; pi,, (pg-at. N cell-' h-') = the hourly uptake rate of nitrogen; D (h-') = the dilution rate; and C (pg-at. N 1 -l ) = the concentration of nitrate in the inflow medium. For perturbation experiments where a constant rate of uptake was sustained for a certain time before limitation by nutrient, the kinetics were assumed to obey the Michaelis-Menten relationship:
where p , (yg-at. N cell-' h-') = the maximum uptake rate; and kN (pg-at. N 1-') = the half-saturation constant. Estimates of kN and p, were obtained with the Gauss-Marquard algorithm used for non-linear regression. The variation rate of the nutrient concentration (Eq. 3) was fitted to the values estimated over 2 consecutive measurements of nitrogen concentration (Eq. 4). X was calculated from Eq. (5). At this time, the population in the chemostat reached a plateau and the culture was considered to b e at steady state. Table 1 gives the different patterns of nitrate influx into the chemostat.
RESULTS

Fig
The pulsed supplies of nitrogen did not significantly affect the growth rate until Day 30, in comparison with (Fig. 2) . During the first 12 d of pulsed supply, cell concentration increased slightly, probably because the steady state was not completely achieved at Day l?. During the period of low frequency of nitrate input (Days 32 to 38), the growth rate decreased drastically to very low values (0.03 d-l). Just after the last pulse of nitrate (Day 39) which occurred only 1 d after the previous one, growth rate increased and reached a maximum only 2 d after the previous minimum. Once the continuous supply of nitrogen was resumed at Day 40, the cell concentration immediately tended towards the level previously obtained at the steady state, but more slowly. The longer time taken by the cell population to recover its initlal steady-state level may be due to the physiological integration of previous growth conditions during the pulsed phase. During the pulsed phases, the mean amount of nitrogen injected each day by the peristaltic pump (ca 6.60 pg-at. N 1-' d-l) was similar to that of the continuous period (ca 6.72 pg-at. N 1-' d-l). Given that the dilution rate was low, and that the amounts of nitrate added were rapidly exhausted over 0.2 to 0.5 d (except for the last one, see below), the amount of nitrogen loss by dilution between Days 17 and 40 constituted only 6.05 pg-at. N 1-l, which is 4 % of the total amount of nitrogen injected. This means that, in comparison with the continuous supply, 96% of the supplied nitrogen was taken up by the culture during the pulsed regime. Further, the amount of nitrate taken up per cell after Day 32 was higher than previously since the same amount of nitrogen was added to a decreasing cell population. The 4% difference is probably not sufficient to expla~n by itself the fall observed in growth rate. In this experiment, the sensitivity of Prorocentrun~ minimum to hmiting nitrogen supplies depended essentially on the frequency of nutrient pulses. Given the amount of nitrogen supplied, periodicities of 1 and 2 d did not affect growth of P. minimum, whereas a periodicity of 3 d was limiting. Fig. 3 depicts the time-course variation of nitrogen concentration and uptake rate for each pulse experiment. (Time series 18 was interrupted due to autoanalyser pump damage.) The most noticeable effect which can be observed overall is the increase of the non-linearity of uptake rate during the pulsed period. The rate measured on cells at steady state (Day l?) reached a maximum (p = 4.0 X 10-B pg-at. N cell-' h-') a short time after the onset of the pulse. The initial uptake rates of the ensuing perturbation experiments were lower and decreased with time. A few hours were necessary to reach a more or less constant uptake rate before entering the external control phase corresponding to substrate depletion. This pattern is characteristic of nitrogen-limited cells (Eppley et al. 1969 , Caperon & Meyer 1972 , Collos 1980 , Romeo & Fisher 1982 . The values of the maximun~ uptake rate attained at each pulse experiment are shown in Fig. 2 . In contrast with the time elapsed before Day 32, during which there was no significant variation of the maximum uptake rate, a marked increase is visible afterward, which is concomitant with the growth rate decrease. The first uptake rate significantly exceeding 5.0 X 10-B pg-at. N cell-' h-' was measured during the last 2 d pulse experiment, and suggests that enhanced uptake became induced during the 2 d pulsed phase.
The maximum uptake rate was immediately attained for the last perturbation experiment (Day 39) which was carried out only 1 d after the previous pulse (instead of 3 d ) , and the estimated uptake rate was quite similar to that measured during the first perturbation experiment. Moreover, the growth rate increased rapidly 1 d later. Fig. 4 shows the nitrogen uptake kinetics obtained for perturbation experiments in which a maximum steady uptake rate was sustained by cells for a certain time before its decrease due to nitrogen depletion. In comparison with the values commonly obtained for dinoflagellates or even for diatoms (Eppley et al. 1969) , our half-saturation constants are unexpectedly low. This can probably explained by the fact that total inorganic nitrogen was measured without distinction between nitrate and nitrite. Fig. 5 shows the appearance of nitrite and its subsequent uptake after an addition of 8 pg-at. N-NO3 1-' to a N-limited culture of Inorganic Nitrogen (pg-at N.].') Prorocentrum minimum grown in a n identical culture system a t the same dilution rate. More than 5 % of the nitrate added was excreted at a n average rate of 1.7 X 10-' pg-at. N cell-' h-'. For concentrations of nitrate below 2 yg-at. N I-', the proportion of nitrite became important, and nitrite uptake increased rapidly. It follows that, if nitrate is not measured separately from nitrite, the uptake rate of nitrate may be underestimated when cells excrete nitrite, and overestimated when cells take up nitrite toward the end of incubation. This artifact leads to a n underestimate of kN (Collos 1982) . Estimated values of the kN constant are shown in Fig. 6 and one sees the variation of 'global affinity' of cells for total inorganic nitrogen. A noticeable increase occurred at Day 32 which corresponds to the increase of p,. Nevertheless, it is impossible now to distinguish whether this effect resulted from a true variation of the nitrate affinity, or from a decrease of nitrite excretion with time. In any case, the variation of the estimated half-saturation constant could reflect important changes in nitrogen metabolism.
DISCUSSION
The discrepancy found in the literature on the effects of sudden nutrient pulses on growth or uptake rates (Collos 1986 ) may originate from the diverse physiological conditions in which cells are placed before the measurements of growth and uptake (Elrifi & Turpin 1987 , Raimbault & Mingazzini 1987 . A single stimulus is, in most cases, performed on cells where the degree of deprivation of the limiting nutrient is not very well defined (Collos 1983 , Dortch et al. 1984 . The distinction between 'limited' and 'starved' cells is somewhat arbitrary in that the cell quota IS not at its theoretical maximum in the first case, and near its minimum value in the second case. But the nitrogen cell quota is a global index which represents the total amount of cellular nitrogen, without defining composition. In fact, under limitation, deprivation or resupply conditions, the structural, synthetic and genetic components which compose the nitrogen pool are differently affected (Dortch 1982) , follow~ng hierarchical and complex processes (Wheeler 1983 , Raimbault & Mingazzini 1987 , Falkowski et al. 1989 .
In this study, physiological adaptation appeared at different time scales following the frequency of nitrate pulses. For all of the perturbation experiments, except the first and the last, a non-linearity of the uptake rate was observed which reflects a mid-term adaptation of cells when they are pulsed with nitrate. The sampling step was not small enough to detect the existence of a surge uptake rate (Conway et al. 1976) in the early phase of the perturbation experiments, which might have resulted from a well-known but not systematic short-term adaptation. During the 1 d pulsed phase, and a part of the 2 d pulsed phase, a maximal and steady uptake rate, approximately the same as that found at steady state, was maintained for a time. Thus, it can be supposed that cells had completed their mid-term adaptation. No significant variation of either the maximum uptake rate or the growth rate was apparent during this period.
By contrast, a long-term adaptation appeared as the culture received nitrate once every 2 or 3 d. This longterm adaptation was characterized by the increase of the maximum uptake rate over the time-course experiment. During the 2 d pulsed phase, the maximum uptake rate measured began to increase only after the fifth addition of nitrate, suggesting that the effects of this regime were delayed. Afterwards, the maximum uptake rate exceeded its steady state value 3-or 4-fold. It can be seen from Fig. 2 that the growth rate began to b e significantly affected as the long-term adaptation became more evident. For PI-orocentl-um minim u~n , uptake and growth are largely uncoupled (Fig. 7) . What is interest~ng is the fact that, although the culture absorbed approximately the same amount of nitrate during all the tlme-course experiments, ~t s conversion into growth is greatly dependent on the frequency of availabil~ty The frequency of 1 pulse per day induced a non-linearity in the uptake process which reflected a mid-term adaptation sufficient to ensure a constant growth rate. For lower frequencies and higher amplitudes of nitrate additions, the non-linearity of uptake rate was increased, which reflected a strong adaptation, whose efficiency was however not sufficient to maintain the same growth rate. In both situations, approxin~ately the same amount of nutrient was absorbed. Since growth rate decreased with low frequency additions, ~t may be supposed that a part of the absorbed nitrogen was excreted as dissolved organic nitrogen, not measured here. It may be argued that durlng the phase where nitrate was added once a day, only the most labile forms of nitrogen as nitrate and amlno acids in the cell were used, whereas in the other patterns of discrete distribution, more structural or functional components such as proteins were degraded to satisfy the nitrogen requirement of cells (Dortch 1982) . To compensate their loss of material, cells increase their uptake rate when nitrate is again available In a manner whlch depends on the severity of the deprivation. As the enhancement of the associated assimilation processes requires the synthesis of energetic and enzymatic materials, an induction time is observed before the uptake rate reaches its inaximuin.
Logically, it can be expected that once the cells have recovered their nitrogen needs, the uptake will reach a constant rate. This was effectively the case for the 1 d and a part of the 2 d pulsed phases. Afterwards (Days 32, 35, 38) , the uptake rate increased without reaching stability. In this case, the non-linearity probably reflects an unbalanced growth. The nitrogen requirement of the cells was not met, and growth rate immediately decreased.
Despite this, ~t is interesting to note from Fig. 3 that, if a large amount of nitrate is added only 1 d after the previous pulse (see Day 39), the cells recover thelr ability to take up nitrogen in the same manner a s in the steady state (see Day 17), and thus their nitrogen demands have been completely satisfied. The contrast observed in the time vanations of the uptake rate between Days 38 and 39 (Fig. 7) reflects a considerable intracellular rearrangement. The effects of the enhanced uptake of nitrogen at Day 38 on the energetic balance of starved cells were delayed with a time lag shorter than 1 d. It has to be noted that, in thls case, such rapid changes in uptake data cannot lead to extrapolations of growth.
Cell dlvlsion began to Increase 1 d after the end of the last pulse expeliment (Day 39) concurrent to the resumption of the continuous nitiate inflow Such a tlme lag between nltlogen resupply and growth and the observat~o n that reglmes of 1 and 2 d pulsed nltrate have no effect on the growth rate of P r o~o c e n t r u n~ mlnlmunl suggests that thls species has the capability of accumulating large internal nutrlent pools Thls type of response is ecologically advantageous when nutrlent pulslng fiequency 1s lower than cell dlvlsion rate (Collos 1986) Besides the multlple foims of adaptation that Prorocentr um mlnlmum can develop In response to different spectial quallt~es and irradiances (Vogel & Sage1 1985 , Coats & Hardlng 1988 , Hardlng 1988 , and others), Paasche et a1 (1984) have demonstrated the abillty of thls species to maintain high nitrogen uptake rates d u r~n g the dark phase of a 12 12 h L D cycle T h~s featuie could permit the s e p a i a t~o n in tlme of photosynthesis (near the surface, in daytime) and nltrogen uptake (at depth, during the nlght) and would confer on thls species or other dlnoflagellates a competitive advantage over diatoms (Eppley & Harnson 1975 , Harrison 1976 ) Tylei & Sellgel (1981 reported that In the Chesapeake Bay, USA, durlng late summel ~v h e r e nutilent concentiation in the highly strat~fied bay may decrease In surface waters, blooms of P mlnllnum often persist and exhibit s~gnificant carbon uptake Previous observations In the same area have demonstrated the ability of thls species to migrate at nlght to the hlghel n u t l~e n t pycnocllne region This ecological phenomenon inay lepresent a real advantage only ~f the species is able to support several hours per day of nitrogen deprivation Our conclusion that P nllnimum maintains an unchanged growth rate under a 1 d pulsed nitrate regline relnfolces the hypothesis that this species may have a behavloial pattern of velt~cal migration that may significantly reduce the effects of nutrlent depletion Acknowledgenients I thank Gilbert Malara for his technical assistance concerning the elaboration of the automatic chemostat culture system, P a t l~c k Chang for Improving the English, and the anonymous leviewers fol the11 comments and suggestions This research was supported by funds from the 
